The rational design of ligands targeting human telomeric DNA G-q uadruplexes is a complex problem due to the structural polymorphism that these sequences can adopt in physiological conditions. Moreover, the ability of ligands to switch conformational equilibria between different G-quadruplex structures is often overlooked in docking approaches. Here, we demonstrate that three of the most potent G-quadruplex ligands (360A, Phen-DC3 and pyridostatin) induce conformational changes of telomeric DNA G-quadruplexes to an antiparallel structure (as determined by circular dichroism) containing only one specifically coordinated K + (as determined by electrospray mass spectrometry), and hence presumably only two consecutive G-quartets. Control ligands TrisQ, known to bind preferentially to hybrid than to antiparallel structures, and L2H2-6M(2)OTD, known not to disrupt the hybrid-1 structure, did not show such K + removal. Instead, binding of the cyclic oxazole L2H2-6M(2)OTD was accompanied by the uptake of one additional K + . Also contrasting with telomeric G-quadruplexes, the parallel-stranded Pu24-myc G-quadruplex, to which Phen-DC3 is known to bind by end-stacking, did not undergo cation removal upon ligand binding. Our study therefore evidences that very affine ligands can induce conformational switching of the human telomeric G-quadruplexes to an antiparallel structure, and that this conformational change is accompanied by removal of one inter-quartet cation. 90 °C. The absorbance was monitored at 295 nm.
INTRODUCTION
There is now strong evidence that guanine-rich sequences can form G-quadruplex (G4) structures in human cells, 1 including in the regions of telomeres that comprise a 3'-overhang consisting of d(TTAGGG) n repeats. Ligands targeting telomeric G-quadruplexes are developed as anticancer therapeutics, and some were shown to perturb telomere structure. [2] [3] [4] [5] Current screening assays usually probe the ligand ability to bind to pre-folded G-quadruplexes with both high affinity and high selectivity as compared to double stranded DNA.
The rational design of telomeric G4 ligands is however further complicated by the polymorphism that these sequences adopt in vitro 6 and the ensuing uncertainties about which structures are relevant in vivo. [7] [8] [9] [10] For example, four-repeat sequences containing the central core d(GGG(TTAGGG) 3 ) have been shown to be able to form three different G-quadruplex structures in 100 mM K + : Hybrid-1 formed by sequences 24TTG 11 (dTTGGG(TTAGGG) 3 A, Fig. 1A ) or 23TAG (dTAGGG(TTAGGG) 3 ), Hybrid-2 formed by 26TTA 12 (d(TTAGGG) 4 TT, Fig. 1B ) and the two-quartet Hybrid-3 structure 13 formed by 22GT (dGGG(TTAGGG) 3 T, Fig. 1C ). FIGURE 1. Top, structures of human telomeric G-quadruplexes obtained by NMR in 70 mM K + and 20 mM K 2 HPO 4 /KH 2 PO 4 . Bottom, their respective schematic view with expected cation binding sites in-between successive G-quartets. A, Hybrid-1 formed by 24TTG -PDB ID: 2GKU. 11 B, Hybrid-2 formed by 26TTA -PDB ID: 2JPZ. 12 C, Hybrid-3 formed by 22GT -PDB ID: 2KF8. 13 For full sequences, see main text. Some ligands were previously reported to bind better to the Na + -structure or to the K + -structure, as deduced from thermal denaturation and fluorescence displacement assays, 14 but these studies did not discuss possible ligand-induced changes in G-quadruplex conformation. Other groups documented ligand-induced formation of particular G-quadruplex structures, [15] [16] [17] [18] but with few exceptions 19 most of these studies were carried out in the absence of salt, so the relevance to physiologically relevant conditions remains unclear.
We studied here the interaction of ligands Phen-DC3, 20 360A, 21, 22 pyridostatin 23 (abbreviated PDS), TrisQ 24 , L2H2-6M(2)OTD 25 (abbreviated L2H2) and TMPyP4 (ligand structures in Chart 1, molar extinction coefficients in Supporting Information S1) with the different human telomeric sequences 26TTA, 24TTG, 23TAG and 22GT. Some of these ligands were previously shown to be very potent G4 binders and therefore have been used as G4 probes in a variety of biological systems and in cell-based assays. For example, both 360A and PDS promote G4 specific DNA damage and induce growth arrest in human cancer cells. 26, 27 In addition functional derivatives of both compounds have been used for G4 imaging, 26 pull down assays, 28 in vitro selection of G4 DNA 29 and more recently to photo-cross-link G-quadruplexes. 30 Finally, transcriptomic studies showed that both Phen-DC3 and 360A affect the expression of genes with G4 motif in their transcription start site. 31 More specifically, Phen-DC3 has been used to trigger quadruplex-dependent genetic instability in yeast 32, 33 and subsequently was shown to inhibit the unwinding activity of FANCJ helicase. 34 Despite their wide use, the exact binding mode of these ligands to telomeric G-quadruplex is not known. Indeed, only a few structures of the human telomeric sequence in presence of ligands have been released. Except for L2H2 for which NMR revealed binding to the 24TTG sequence without changing the hybrid-1 G-quadruplex topology, 25 all reported structures of the human telomeric DNA interacting with ligands are parallel G-quadruplexes obtained by x-ray crystallography. [35] [36] [37] [38] [39] [40] [41] Unfortunately, crystallization is known to bias the structural population by selecting the parallel topology. 42 There is therefore a strong need for in-solution assays able to quickly assess ligand binding affinity and binding mode in polymorphic G-quadruplexes such as the human telomeric sequence. Here we used native electrospray mass spectrometry (ESI-MS) to assay ligand ability to bind to G-quadruplexes. Thanks to the mass separation, single cation binding can be distinguished in the free and bound quadruplexes. Our experiments revealed ligand-induced cation ejection upon binding, thereby providing novel insight into the ligand binding mode.
Chart 1. Ligand structures

RESULTS AND DISCUSSIONS
Ligand and cation binding, simultaneously probed by ESI-MS, reveals K + ejection upon binding of 360A, Phen-DC3 or PDS to telomeric DNA G-quadruplexes.
We recently reported a sample preparation method in 100 mM trimethylammonium acetate (TMAA) and up to 1 mM KCl, which allows recording ESI-MS spectra in conditions where the solution fold is very similar as in 100 mM K + , as indicated by CD spectroscopy, 43 although the fraction folded at room temperature is somewhat lesser in 100 mM TMAA and 1 mM KCl than in 100 mM K + (see melting experiments in supporting Figure S2 and separate discussion of 22GT below). In TMAA/KCl conditions, ESI-MS allows the direct simultaneous measurement of ligand and cation binding stoichiometries from KCl solutions. On the contrary to the commonly used ammonium acetate conditions, 44 the determination of potassium ion binding stoichiometry by ESI-MS from TMAA/KCl preparations is robust and independent of instrument choice or tune. 43 Figure 2 shows the ESI-MS spectra of 5 µM 24TTG in 100 mM TMAA and 1 mM KCl without ligand (Figure 2A ), a reference single-strand 24nonG4 (dTGGGATGCGACAGAGAGGACGGGA) without ligand ( Figure 2B ), and 5 µM 24TTG incubated for three days at room temperature in the presence of 5 µM ligand (Figures 2C-H) (1 day to 1 month, or annealing did not make any difference). Figure 2 shows the mass spectral region corresponding to free G4 and the 1:1 complex in the 5-charge state. Full-scale spectra in SI ( Figure S3 ) illustrate that the 2:1 complex abundance is very minor. Ligand relative affinities are estimated from the relative intensities of the peaks without and with ligands. The relative abundance of 1:1 complex relative to free G4 ranked: Phen-DC3 ~ TrisQ ~ 360A > PDS ~ L2H2 > TMPyP4. Similar ranking was obtained with 26TTA, 23TAG and 22GT ( Figure   S4 , S5 and S6, respectively). Tests with a reference hairpin duplex (ds26) allowed us to assess ligand binding selectivity ( Figure S7 ). TMPyP4 binds very strongly to the hairpin duplex, in line with its known total lack of selectivity. TrisQ binds to the duplex, but less well as to the G-quadruplexes.
The other four ligands do not bind to the hairpin and are confirmed as very selective G-quadruplex binders. Figure 2 also show the major specific K + binding stoichiometries in each complex.
Labels in
Without ligand, 24TTG specifically binds two K + ions (Figure 2A ), in line with its known threequartet NMR structure ( Figure 1A) , and with the known inter-quartet octahedral K + coordination mode. The additional K + binding (third and fourth adduct) detected on the right hand side of the peak shows the same distribution as for 24nonG4 (first and second adduct) and are therefore non-specifically bound adducts. In order to distinguish and quantify quadruplex-specific K + adducts, we used the following method described by Klassen's group. 45 Briefly, a control molecule, as similar as possible to the analyzed molecule but lacking the specific K + binding sites, is used as a reference.
The intensity ratios of the K + -bound versus unbound reference are taken as the signature of the nonspecific adducts distribution. This intensity distribution is then used to subtract nonspecific adducts contribution for other analytes. Using non-G4 forming sequences (as confirmed by CD, see Figure S8 ) with same guanine content and length as each quadruplex, we reconstructed the specific K + distributions for each complex in the form of bar graphs (see supporting text and Figure   S9 for detailed method and Figure S10 for results), which reflect what is annotated in the raw mass spectra of Figure 2 .
Strikingly, the K + binding stoichiometry is affected by ligand binding, in a ligand-dependent manner, and the same behavior is observed for all four variants of the human telomeric sequence (24TTG, 23TAG, 26TTA and 22GT; see Figure S10 ). For 360A, Phen-DC3 and PDS, a single K + ion is bound to the 1:1 complex, while two are bound to the free G4. In contrast, TrisQ only very partially displaced one cation.
Because K + is supposedly coordinated in-between consecutive G-quartets, a 1:1:1 (DNA:ligand:K + ) stoichiometry suggests that the ligand-bound structure contains only two consecutive G-quartets.
It is particularly interesting that the 24TTG sequence, one of the most monomorphic variants of the human telomeric sequence in KCl, as shown by NMR, 11 is capable of such ligand-induced rearrangement.
In order to prove that the observed stoichiometries are indeed the ones present in solution and are not due to some kind of mass spectrometry artifact, we repeated the experiment with L2H2, which was previously shown by NMR to bind to 24TTG without changing its topology. 25 The two inter-quartet K + binding sites should therefore be preserved. Moreover, cyclic oxazoles might even capture one extra K + ion by coordination, in the same way as telomestatin. 46, 47 This is exactly what we observe in our mass spectra: the 1:1 DNA:ligand complex was detected with either two or three K + ions bound ( Figure 2F ).
As a second control we used the Pu24 c-myc sequence (dTGAG 3 TG 4 AG 3 TG 4 AAG 2 ). Indeed, the recently published structure of Pu24 interacting with Phen-DC3 revealed that this ligand did not disrupt the parallel-stranded three-quartet structure. 48 When analyzed by ESI-MS in the TMAA/KCl preparation ( Figure S11 ), the Pu24 sequence retains the expected two K + ions, both without ligand and with all ligands including Phen-DC3. Coordination of a third K + ion with L2H2 is observed as well. The CD spectra were not affected upon ligand binding to Pu24 ( Figure S12 ).
These controls highlight that cation removal upon binding of 360A, Phen-DC3 and PDS is a binding mode that is peculiar to the human telomeric G-quadruplexes.
Circular dichroism spectroscopy indicates that the G-quartets in the 1-K + form have alternated stacking.
In order to obtain information about conformational changes occurring upon ligand binding and cation ejection, we performed CD experiments on the same solutions. The CD spectra give information on the stacking mode of consecutive guanines. Type-I spectra (positive peak at 265 nm, negative peak at 240 nm) indicate guanine stacking all in the same orientation (e.g., anti-anti), type-II spectra (positive peaks at 265 and 295 nm, negative peak at 240 nm) indicate guanine stacking partly in the same, and partly in alternating orientation (e.g., anti-syn or syn-anti), and type-III spectra (positive peaks at 295 and 240 nm, negative peak at 260 nm) indicate guanine stacking in exclusively alternating orientations. 49 If mixtures are present, the CD spectrum will be the weighted average spectrum of all conformers present in solution and may resemble Type-II spectra. Figure 3A illustrates the CD spectral changes observed when adding ligands to 24TTG (hybrid-1 structure with CD spectrum of Type II). In the case of Phen-DC3, 360A and PDS, the CD spectra are shifting to Type-III, indicating exclusively alternated stacking. In the corresponding ESI-MS spectra, almost all 24TTG is bound to 360A or Phen-DC3 in a 1:1:1 (DNA:ligand:K + ) stoichiometry.
The 1-K + and presumably 2-quartet, ligand-bound structure has therefore the alternate G-quartet stacking typically encountered in antiparallel folds. For PDS, ESI-MS tells us that some free 24TTG remains, explaining the lesser shift of the CD spectrum compared to 360A and Phen-DC3, but the ligand-bound structure has the same characterisctics. In the cases of TrisQ and L2H2, the CD spectra of 24TTG are almost unaffected. The same results are obtained for 26TTA, 23TAG and 22GT (supporting Figures S13, S14 an S15, respectively). Figure 3B shows the CD spectra recorded in 100 mM KCl. In 100 mM TMAA + 1 mM KCl conditions, the CD spectrum of 24TTG alone is the same as in 100 mM KCl. 43 The ligand ability to induce a shift to the Type-III spectrum is still observed, although to a lesser extent than in TMAA/KCl, probably due to the higher stability of the hybrid-1 structure in high KCl concentration. Phen-DC3 is clearly the most prone to change the G-quadruplex structure upon binding, even in 100 mM KCl.
Discussion: some of the most affine and selective G-quadruplex ligands display a new binding mode with ligand-induced cation ejection.
The ligand-bound G-quadruplex structure containing only two quartets (as deduced from the number of K + ions coordinated) displays alternated stacking (as deduced from CD). Conversely, the ligands that do not displace cations do not lead to such antiparallel-type CD spectra. There are mainly three hypotheses on what this ligand-bound G-quadruplex structure could be ( Figure 4) :
(1) a structure with ligand intercalation (the ligand would take the place of one K + ), (2) a hybrid-1 or hybrid-2 type structure with the quartet in homo-stacking disrupted, or (3) a hybrid-3 type structure with 2 quartets and with the triplet stacking hampered by ligand end-stacking. To our knowledge, only one study to date has reported ligand intercalation in G-quadruplexes, with TMPyP4 intercalation in long parallel G-wires. 50 However, intercalation in the G-wires only occurred in absence of salt. Here, true intercalation ( Fig. 4A ) would probably involve a strong structural rearrangement with first a G-quartet opening and K + displacement before closing again the G-quartet by sandwiching the ligand. G-quartet opening and K + displacement are of course unfavorable thermodynamically, but in turn, four guanines will gain conformational degrees of freedom, and that a solvated K + will be released from the complex, so the penalty might be compensated by the free energy gained upon ligand binding. However, it seems difficult to assume that re-closing of the G-quartet on the other side of the ligand would be thermodynamically favorable, because the small enthalpically favorable contribution due to extra stacking would be compensated entropically by reducing the degrees of freedom. The binding mode of Figure 4B is therefore more likely than that of Figure 4A .
The second hypothesis, namely the disruption of G-quartets ( Figure 4B ), was proposed previously for an anthrathiophenedione on telomeric G4, 19 for TMPyP4 on an RNA G4, 51 and for a triarylpyridine ligand on c-kit1 and c-kit2. 52 However in all reports these ligands were promoting total unfolding of the G-quadruplexes. In our case the melting temperature of the G-quadruplexes with the ligands are higher than without ligand (see supporting information Figures S16 and S17), meaning that the ligand-bound 2-quartet structure is more thermally stable than the starting structure.
Also the broad melting transitions of 360A and Phen-DC3 complexes are typical of multi-step denaturation that may indicate conformational rearrangements. 53 However, the thermal denaturation transition is narrower and at lower temperature for PDS, indicating that ligand binding mode and thermal stability are not necessarily linked: these are two different tenets of ligand binding that must both be characterized. For example, the relative abundance of 1:1 complex relative to free G4 at RT (see Figures S3-S6 ) correlates well with the T m only for the three ligand sharing the newly described binding mode: Phen-DC3 > 360A > PDS. Ligand L2H2, although having a different binding mode without disturbing the structure and with an additional potassium ion, also fit in this trend, with an affinity in the same range as that of PDS. Ligand TrisQ, with its propensity to induce more parallel structures either at RT (with 26TTA, see Fig. S17 ) or at higher temperature (with 24TTG, see Fig. S16 ), does however follow different rules. In general, studies of the ligand binding mode and ligand-induced conformational changes should also consider the temperature dependence of these phenomena.
The last hypothesis is the ligand-induced conformational selection of a hybrid-3 structure such as that formed predominantly by 22GT. This structure contains only 2 quartets at 100 mM K + , plus a triplet of guanines stacked on one terminal quartet. 13 Notably, this 2-quartet structure is as thermally stable as the other 3-quartet structures, 13 (Figure S2 ) and therefore extra stabilization by a ligand sounds reasonable. To further explore the correlation between the potassium binding stoichiometry and the hybrid-3 structure, we titrated 22GT by KCl, from 0 to 1 mM using ESI-MS and CD, and up to 100 mM using CD ( Figure S18 ). In pure TMAA and no KCl, the DNA remains unfolded. 43 Interestingly, at 200 µM KCl concentration, the main stoichiometry observed is 1 K + per DNA strand and the corresponding CD spectrum is purely antiparallel, just like in the presence of ligands 360A, Phen-DC3 and PDS. We therefore assign the first K + binding event to the binding site between the two full G-quartets of hybrid-3. At 1 mM KCl concentration, a second potassium ion binding site is detected, which we attribute to the filling of a second binding site between the G-triplet and one G-quartet. In the same solution, the CD spectra show that the hump at 270 nm, attributed to the stacking of the triplet, 49 is increasing accordingly. Ligand binding to the hybrid-3 by end-stacking on the top quartet would disrupt triplet stacking, and this binding mode is therefore compatible with all our observations.
CONCLUSIONS
In summary, we evidenced here that ligands can induce conformational changes in human telomeric G-quadruplexes at physiological ionic strength and in KCl. Three ligands (Phen-DC3, 360A and PDS), among the most potent described to date, were found to favor G4 structures with only one K + , hence two consecutive G-quartets, and hetero-stacking between these G-quartets. This ligand-induced K + ejection could be due to a quartet disruption of hybrid structures or to the conformational selection of the hybrid-3 structure.
Interestingly, only the three most flexible 54 of the ligands tested here, all based on the dicarboxamide scaffold (Phen-DC3, 360A and PDC), are capable of ejecting K + cation upon binding, while stabilizing the antiparallel 2-quartet G-quadruplex structure. It would be interesting in the future to explore the enthalpy and entropy contributions to ligand binding in those particular cases, and to partition the intrinsic folding thermodynamic parameters from the polyelectrolyte and water capture/release contributions. Although high-resolution atomistic methods would be required to determine the exact binding mode, our work opens new ideas on possible G-quadruplex ligand binding modes. It also highlights that thanks to ESI-MS monitoring of cation binding, hints on the ligand binding mode can be obtained with small amounts of sample and even in the presence of polymorphic structures. The technique is amenable to higher-throughput screening of ligands.
Our results also have important implications for the design of ligands targeting polymorphic Gquadruplexes such as the human telomeric sequence. The availability of high resolution structures makes it tempting to develop drug design programs based on the lock-and-key model. In contrast, we show here that several ligands with high G-quadruplex affinity and specificity induce structural changes in telomeric G-quadruplexes, and that induced fit or conformational selection must therefore be taken into account for the drug design.
EXPERIMENTAL SECTION
Materials. Oligonucleotides were purchased lyophilized and RP-cartridge purified from Eurogentec (Seraing, Belgium) and used without further purification. We used the following nomenclature for the DNA sequences: 26TTA = d((TTAGGG) 4 1 sec) . Savitzky-Golay smoothing has been performed with a smooth window of 5 points. Baselines were also subtracted using curves with a polynomial order of 40.
Circular dichroism. CD experiments were run on a Jasco J-815 spectrophotometer using a quartz cell of 2 mm path length. Shown spectra are the sum of 3 accumulations at 20 °C with a scan speed of 50 nm/min and an integration time of 0.5 s. Data were normalized to molar circular-dichroic absorption ∆ε based on DNA concentration: ∆ε=θ/(32980×c×l), with θ the CD ellipticity in milidegrees, c is the DNA concentration in M (5 µM) and l is the cell length (2 mm). Baselines were subtracted using either 100 mM TMAA in water solution or 20 mM H 2 KPO 4 /K 2 HPO 4 + 70 mM KCl depending on the experimental conditions. A second linear baseline was removed from the raw data using the mean value obtained for each experiment between 320-350 nm as no peak was observed in this area. A smoothing was then performed used LOWESS (locally weighted scatterplot smoothing) method. Reported CD spectra display raw data points and the smoothed curve.
Melting monitored by CD. Melting experiments were performed on the same Jasco J-815 spectrophotometer. The temperature ramp was set to 0.4 °C/min from 4 to 90 °C. One spectrum per minute was acquired at 100 nm/min scan speed with 2 accumulations. The temperature ramp is stopped during each recording. A linear baseline was subtracted from the spectra using the mean value for each experiment between 320-350 nm.
Melting monitored by UV absorbance. Melting experiments on the G-quadruplexes without ligands were also performed on a SAFAS UV mc² spectrophotometer (Montecarlo, Monaco) equipped with a Peltier temperature controller. The temperature ramp was 0.2 °C/min from 4 to
